The sequence selectivity of DNasei cleavage has been investigated by site-directed mutagenesis of a chemically synthesised gene. Two key DNA binding residues have been conservatively altered (Y76F and R41K) or have had their side-chains truncated (Y76A and R41A) and the effect on the cleavage of tyr T promoter DNA has been noted. It would appear from these studies that DNasei is not sensitive to minor groove width via these DNA-contacting residues, and it is suggested that DNA helical stiffness is a controlling parameter in determining DNasei sequence selectivity.
INTRODUCTION
Bovine Pancreatic DNasel is an endonuclease widely used in studies of the structural properties of DNA and DNA complexes'. It is recognised that DNasel does not hydrolyse all phosphodiester bonds in double stranded DNA at the same rate. In particular, the partial cleavage of E. coli tyr Tpromoter DNA yields a characteristic cleavage pattern 2 ' 3 . When analysed in detail, this pattern yields a model for DNasel-DNA interaction which is dependent upon (at least) two parameters. Firstly, neighbouring phosphodiester bonds in DNA are often cut at vastly differing rates. This effect is interpreted as being a consequence of phosphate group orientation with respect to the enzyme active site in the DNA-protein complex. DNasel cleaves the bond between the 3'-oxygen atom and phosphorus by an SN2 general based catalysed attack of water at phosphorus. This mechanism is most favoured when water attacks phosphorus in-line and opposite to the leaving 3'-oxygen. Since phosphate orientation can vary markedly between nearest neighbours in a DNA helix, this explains the modulation in cleavage observed. However, superimposed upon this pattern is a slowly changing cleavage rate which varies as a function of distance along the DNA helix. When plotted against the sequence of the DNA it is found that DNasel cleaves DNA slowest in runs of d(A-T) and d(G-C), and most efficiently in random sequence DNA. It was also found that cleavage in one strand of the DNA helix correlated with cleavage in the other strand displaced by three bonds in the 3'-direction. This suggested that DNasel was interacting with the DNA helix via the minor groove. X-ray crystal data of DNasel complexed with short oligonucleotides 4 " 6 has shown that DNasel indeed interacts with the DNA helix by binding in the minor groove, completely filling it with two amino acid side chains -R41 and Y76. This binding was accompanied by an induced bend in the DNA helical axis by about 20° towards the major groove, opening the minor groove to accept the insertion of the amino acid residues. The physical origin of the observed sequence discrimination exhibited by DNasel is still a matter for debate. It has been explained in terms of minor groove width and depth; d(A-T) rich DNA is known to have a narrow minor groove 7 and therefore may be expected to be poorly cut by an enzyme that X-ray data shows to require a wider than average minor groove for optimal interaction (the normal minor groove width for random sequence B-DNA is 5.7 A 8 ). However d(G-C) rich DNAs have been shown to adopt structures that have normal 9 minor groove widths. These sequences would be expected therefore to be just as good substrates for DNasel as random sequence DNA. Other workers have concentrated on the DNasel induced bend in the DNA. It has been shown that the phage 434 repressor protein does not form protein-DNA contacts with the bases at the centre of its DNA recognition sequence. However, mutation of these non-contacted bases can drastically affect the affinity of the protein for the DNA 10 . Since the 434 repressor induces a bend and twist in the central four base pairs of its recognition site, it has been argued 1 ' that changes in DNA flexibility at these four bases will change the affinity of the protein for the DNA. Evidence suggests that DNA flexibility is a sequence dependent phenomenon and therefore, in binding to a particular shape of DNA, the 434 protein is providing an indirect readout of the DNA sequence. This has lead to the hypothesis from some groups 1213 that DNA flexibility at the DNasel binding site may be a controlling parameter in DNasel cleavage of DNA. It has proven possible to model with some accuracy the DNasel cutting pattern on the Xenopus 5S gene control region and a Hindi 11 /Bgll fragment from pUC18 using various assumptions to predict the stiffness of individual base-pair steps. It remains probable that the indirect readout of a DNA sequence provided by the DNasel cleavage pattern is a summation of a large number of sequence dependent helix parameters.
It is our intention to further investigate the theories presented above using a program of site-directed mutagenesis of the DNasel protein. We have previously reported 14 the cloning and expression of a chemically synthesised gene coding for DNasel. We now report the mutation of this gene to produce proteins in which the key DNA minor groove binding residues (Y76 and R41) discussed above have been conservatively altered (tyr to phe and arg to lys) and truncated (tyr and/or arg to ala) to observe the effect that this has on DNasel cleavage selectivity. Our results shed further light on the possible mode of DNasel sequence discrimination.
EXPERIMENTAL Materials
All restriction endonucleases and DNA modifying enzymes were obtained from Boehringer Mannheim UK Ltd (Lewes, UK) Northumbria Biologicals Ltd (Cramlington, UK) or Promega Ltd (Southampton, UK) and were used according to manufacturers' protocols. All standard protocols were carried out as previously described 14 unless otherwise stated. Oligonucleotides were synthesised using an Applied Biosystems 381A DNA synthesiser using phosphoramidite chemistry. Protein concentrations were determined by UV absorbance. It was assumed that all mutants had the same molar extinction coefficient as the native enzyme (e 280 = 38,000 M-'cm-1 ).
Mutagenesis of the DNasel gene and the production of purified proteins
The gene coding for DNasel(Y76A) was produced by cassette mutagenesis of M13mpl9DNaselrec5 utilising the unique Xbal and Kpnl sites flanking the Y76 codon (TAC) by the method outlined previously 14 . In this way the Y76 codon (TAC) was changed to GCT which codes for alanine. All other genes were produced by mismatch mutagenesis in M13 using the method of Kunkel et al. }5 . The mismatch primers used were as follows: Y76F-GTAACTCTTTCAAAGAAC, R41K-GAG-GAAGTTAAAGACTCTCACC. R41A-CAGGAAGTTGCT-ACTCTCACC. Y76A.R41A double mutant was produced by mismatch mutagenesis from M13mpl9DNaselrecl2 DNA, which contains the R41A gene, using the coding strand of the cassette used to produce the Y76A gene as described above. All mutated genes were fully characterised by sequence analysis and the integrity of all the genes was confirmed. All genes were subcloned into the expression vector pKK223-3 16 to generate the plasmids described in Table 1 and the proteins produced by IPTG induction as previously described 14 .
Proteins were purified using a slight modification to the procedure previously described 14 . The pH at which the purification is performed was increased to 8.0. After chromatography on DEAE Sephacel, the proteins were purified to homogeneity, as judged by Coomassie blue stained SDSpolyacrylamide gels, by passing down a Protein-Pak DEAE-5PW column (8mmx7.5cm,Waters Chromatography, UK) using a Waters 650 Advanced Protein Purification System. The proteins were eluted from the column using a gradient of sodium chloride 6xlO" 4 a -0.2 mg/ml DNA is the largest concentration of DNA that can be used in the Kunitz assay due to the high absorbance of these DNA solutions. Therefore it is not possible to say whether these enzymes are saturated at this DNA concentration.
in Tris (lOmM), CaCl 2 (2mM) pH8.0, 0-120mM in 25mins at lml/min flow rate. The mutant DNasel proteins are eluted at between 100 to 120mM NaCl and were then concentrated using Centriprep-10 spun concentrators (Amicon) and stored in 50% glycerol solutions at -20°C.
Measurement of the specific activity of the DNasel mutants
The specific activity of the DNasel mutants was determined using the Kunitz 17 assay at pH 8.0, modified as previously described 14 . This assay follows the cleavage of highly polymerised calf thymus DNA by DNasel as a function of time by observing the increase in absorbance of the DNA at 254nm as it is degraded to short oligonucleotides. Results taken from the linear portions of the assay curves are given in the Table. All assays were performed at saturating DNA concentrations. This was ensured by increasing the DNA concentration in the standard assay until no further increase in rate was observed. The concentrations of DNA used are given in the Table. Nuclease digestions of tyr T promoter DNA The tyr T promoter DNA from E.coli was cleaved from the plasmid 18 pKMA-98 with EcoRl and Aval and the EcoRl cleaved end was labelled with [a-32 P]dATP and reverse transcriptase. Nuclease digestions were carried out as previously described 14 using 0.1 Kunitz units of the enzymes per ml of digestion. Aliquots of the digests were removed at 1 and 5 mins for analysis by electrophoresis on denaturing polyacrylamide gels followed by autoradiography (Figure) .
RESULTS AND DISCUSSION
As has been described above, amino acid residues Y76 and R41 in DNasel are key DNA binding residues through which the enzyme binds to the minor groove of DNA with a concommitant bending of the DNA helix of 20° towards the major groove. Previous evidence has suggested that these residues are responsible in part at least for the mediation of sequence discrimination exhibited by the enzyme. We have undertaken the alteration of these amino acids in a conservative and nonconservative fashion to try to ascertain their importance in helix recognition. X-ray analysis 4 -5 of DNasel complexed with oligonucleotides has shown a number of contacts between these two amino acids and the DNA helix. Y76 forms a stacking interaction with a deoxyribose ring one removed in the 5'-direction from the scissile sugar-phosphate bond. Y76 is held in place within the almost rigid protein structure by a H-bond to E78 and does not change its orientation on binding DNA. It would appear that Y76 contributes to the protein surface with which the DNA must allign itself and which induces the helix bend mentioned above. Two mutations at this position are therefore sensible. Firstly, removal of the H-bond between Y76 and E78 (mutation Y76F) would potentially free the tyrosine ring from the conformational rigidity found in the wild type enzyme. Secondly, foreshortening this residue (mutation Y76A) would lessen the constraints imposed by the Y76,R41 amino acid pair on minor groove dimensions needed for optimal cleavage. It is expected therefore that removal of this key contact residue should result in a smoother cleavage pattern with less apparant sequence dependancy. The second residue of the minor groove binding pair is R41. This residue is capable of forming two H-bonds to bases three and four bases away from the cleavage site in the 3'-direction on the non-cleaved strand. This is a favourable interaction if these bases are pyrimidines (H-bond to O-2) or adenosine (N-3). However, if there is a d(G-C) or a d(C-G) base pair three base steps away from the cleavage site, the X-ray data suggests that there will be an unfavourable interaction between the R41 and the 2-amino group of guanosine. This may be a contributing factor to the local modulation of cleavage rates. Mutation of R41 to lysine (R41K) would be expected to change the H-bond requirements at this point in the protein-DNA interface since lysine is not able to form a similar double H-bond to two adjacent bases. Truncation of the side-chain of R41 (mutation R41 A) would be expected to change drastically the Hbond network between protein and DNA and also to have a similar effect on sequence selectivity shown by the mutation Y76A. Finally, the double mutant Y76A,R41A would be predicted to show the most altered sequence selectivity of all the nuclease mutants.
Mutagenesis
The source of the DNasel gene cloned into M13mpR19 (M13mpl9DNaselrec5) has already been described 14 . This gene was mutated either using cassette mutagenesis or the Kunkel method of mismatch mutagenesis to yield genes which coded for the mutated proteins needed for this study. All the genes produced could be expressed from the fac-promoter contained within the plasmid pKK223-3, although the stability of the resultant cells containing the plasmids pADl -pAD5 was inversely proportional to the nuclease activity of the DNasel mutant. Cells containing the plasmids were only viable for a matter of a few days when grown on LB-agar plates, or in liquid LB-media. Therefore E.coli JM105 was routinely transformed with the desired plasmid immediately before protein induction and no attempt was made to store viable cells as e.g. glycerol stocks. All proteins were purified to homogeneity as judged by Coomassie blue stained SDS-polyacrylamide gel electrophoresis 19 (data not shown) and the amounts of purified proteins obtained per litre of cell culture and their specific and relative activities are given in Table 1 . The amounts of proteins produced from the E.coli cells can be seen to be in approximate inverse proportionality to their nuclease activity and this probably is a result of their differential toxicity to the cells. Cleavage selectivities of the mutant enzymes All of the mutants produced had nuclease activities less than the native enzyme and therefore the amounts of enzymes present in the different cleavage experiments were not constant. However, the number of Kunitz units of each mutant used was kept constant to observe similar amounts of cleavage of the tyr T promoter DNA. The most striking feature of all the cleavage patterns ( Figure) is the consistency of discrimination of particular DNA sequences across the range of DNasel enzymes. In particular, it is quite clear that the inability of DNasel to cut within sequences of high d(A-T) content is retained even when the two DNA binding residues are deleted. This result is totally unexpected from the previously published data and resultant theories 2 " 6 . It is now clear that the close contacts formed between R41.Y76 and the minor groove DNA have little to do with the observed sequence discrimination in DNA cleavage by DNasel. Even when both of these residues are replaced by alanines, the resultant nuclease is still able to recognise and discriminate against d(A-T) rich sequences. This result would suggest that helix stiffness is perhaps a more important parameter in determining DNasel cleavage rates than has sometimes been suggested. It is very difficult to see how an enzyme can be sensitive to minor groove dimensions when it essentially has no contacts in this area of the DNA. The natural caveat to this interpretation is that the X-ray structure of the DNasel (R41A,Y76A) complexed with an oligonucleotide has not been solved and therefore any 'revised' protein-DNA interactions as a result of mutation are not yet determined.
The changes in cleavage selectivity observed between the mutants is restricted to the areas in which the wild type enzyme cuts well. Y76F and R41K have cleavage patterns which are broadly identical to wild-type indicating that phe and lys are performing similar functions to tyr and arg in the protein structure. The only major change with these mutants is in their specific activitites. A change in activity at saturating DNA concentrations can be attributed to a change in V^ of the enzymes. Since the X-ray data 4 " 6 do not assign a direct catalytic role to Y76 or R41, it is likely that the V^. has decreased as a result of a loss of enzyme-substrate binding energy 20 . However Y76 does form a hydrogen bond via its hydroxyl group to E78 which in turn is hydrogen bonded to HI34. It is likely that mutating Y76F will alter the pK a of E78 and hence H134. The reduced activity observed for DNasel(Y76F) may simply be due to this change in the pK a of the catalytic histidine. R41A and to a lesser extent Y76A show changes over wild type within the sequences of DNA which are good substrates for the DNasel. While these changes are not as yet interpretable, it is obvious that the mutations made are having subtle effects at the level of protein-DNA interaction and that these changes are having a catalytic consequence. Again, a presumed loss of enzymesubstrate binding energy caused by the deletion of protein-DNA contacts is resulting in a decrease in V,,,^ for the enzyme reaction. The effects on cleavage pattern are most marked with DNasel (Y76A,R41A). Apart from being a quite inactive mutant in terms of V,^, this protein cleaves DNA with a preference somewhat different from the wild type. However the altered cleavage pattern superimposed upon the d(A-T) and d(G-C) rich discrimination is again uninterpretable as yet. In order to interpret these changes between well cut regions by the wild type and mutant endonucleases more kinetic studies are required. This will involve detailed time courses of reactions and scanning and quantitation of the amounts of product in each band in the gel. These studies are currently being carried out. Furthermore, attempts are being made to crystallise some of these mutants to aid in the interpretation of their kinetics.
We have therefore shown that deletion of the DNA minor groove binding residues from DNasel which were previously thought to enable DNasel to be sensitive to minor groove dimensions leads to an enzyme which still exhibits poor cleavage of d(A-T) and d(G-C) rich DNA. This would suggest that the theories of DNasel sequence selectivity that rely on helical stiffness"' 12 as a controlling parameter be given more weight. It is possible that other amino acids in DNasel which form a phosphate group contacting surface may be important in DNA sequence readout, since these residues will only interact with the DNA helix when it is correctly bent. A change in these residues may result in a change in the requirement for the DNA helix to bend which in turn may proove to be sequence dependant in a different fashion.
